Materials with high dynamics in the solid state are of potential interest in semiconductor science and for a great variety of energy applications. In most of the cases the majority of physical properties of such compounds are directly related to their electronic structure. Optimization of properties is therefore correlated with direct or indirect control of this parameter. Compounds with highly mobile ions like the coinage metal cations and the heavy chalcogenide anions can easily be modified chemically or physically to fine tune their electronic structures. The range of adjustable properties lasts from ion conductivity, magneto resistance, thermoelectricity to a reversible redox-driven switch of semiconductivity. Today, the strong demand on clean energy production, the efficient energy transport and energy storage is a major goal for present and oncoming generations. Stable, mixed-conducting materials will play a major role in this process. The ongoing development of coinage metal chalcogenide halides during the last 50 years reflects the fundamental interest in this field. Many interesting and sometimes unexpected properties have been determined recently which substantiates the great potential of this class of materials. Especially the new class of coinage metal polychalcogenide halides is of potential interest due to their drastic modulations of physical properties driven by a fundamental tuning of its electronic structures. Thermopower and thermal diffusivity, two major properties to tune thermoelectricity can be varied in such a way that drastic changes can be addressed in very small temperature ranges close to room temperature. Herein we report on the recent progress of polychalcogenide and chalcogenide halides with the mobile d 10 ions Ag and Cu putting the main focus on silver compounds.
Introduction
Today, the exponentially growing demand of energy forces us to develop new ideas and to optimize current processes in science and technology [1] . The broad spectrum lasts from alternative routes for energy conversion, favorably without the production of green house gases, via the storage of energy in highly efficient batteries to a powerful way of energy transport on a small and large distance scale [2] . This energy challenge requires suitable and available materials in the future [3] . Mixed conducting materials can contribute to most of these fields in various ways.
Mixed electron and ion conducting compounds are of general interest in applications where the conduction of matter and electronic charge carriers is needed [4] . During the past 25 years the understanding of electronic properties, defect chemistry and physics of mixed conductors were studied [5, 6] leading to a fundamental understanding of the transport phenomena. The variety of compounds is not only restricted to crystalline materials, glasses or polymers are also of general interest. Crystalline inorganic semiconductors are widely used in photovoltaic applications as chalcopyrite type copper indium gallium diselenide cells (CIGS) [7] with high efficiencies [8] . In solar cell technology and thermoelectrics the optimization of mixed conductors is badly needed to improve the efficiency of the respective process [9] .
Nevertheless mixed conductors play a key role in data storage applications as phase change materials [10] or as resistivity switching memories [11, 12] . Quaternary telluride alloys containing coinage metals like Ag 5 In 5 Sb 60 Te 30 [13] are frequently used in DVD-RW applications and coinage metal chalcogenides like Cu 2 S or Ag 2 S [14, 15] are successfully tested as solid state resistivity switching materials [16, 17] . The binary silver chalcogenides are also promising materials with high magneto resistances [18] [19] [20] capable to design magnetoresistive sensors [21] . According to these aspects the question arises if ternary compounds, like for instance the coinage metal (poly)chalcogenide halides, do also have valuable properties in this sense.
In this review we will focus on ternary coinage metal (poly)chalcogenide halide compounds combining two general properties: the high d 10 ion dynamic in the solid state and the tendency of heavy chalcogenide ions to perform primary and secondary interactions. Both types of ions are widely used in state of the art thermoelectric materials and quantized conductance atomic switches (QCAS) (e.g. Ag 2 S/Ag [16] ). Especially tellurium tends to form secondary interactions (e.g. in transition metal ditellurides [22] ) which were examined in the element [23] and in a huge number of binary and multinary compounds. In such compounds linear or nonlinear chains (e.g. RbUSb 0.33 Te 6 nonlinear chain [24] ), planar nets (e.g. LnTe 3 [25] and LnSeTe 2 [26] ) and more complex structure units (e.g. ALnTe 8 A = alkli metal, Ln = lanthanoid [27] ) are realized. A nice overview is given by Papoian and Hoffmann reflecting the most prominent structure-property relations [28] .
Thermoelectric materials are usually narrow band gap semiconductors featuring the right compromise between a high Seebeck coefficient, high electrical and low thermal conductivity. The most prominent criteria for enhanced thermoelectrics include covalent bonding, heavy constituent elements and complex crystal structures of low symmetry. Recent examples are the antimony containing derivatives of pavonite AgSb x Bi 3−x S 5 showing a high figure of merit ZT = S 2 σT/κ of 2 at 800 K [29] . A second class of quaternary thermoelectrics is AgPb m SbTe 2+m , the so called LAST-m compounds [30] with figure of merits ranging between 1 to 2 at 800 K.
Successful efforts were made in the groups of Kanatzidis, DiSalvo and Kleinke to find new thermoelectric compounds containing alkaline earth metals. Examples are Ba(CM) 2 Te 2 (CM = coinage metal) [31, 32] [35] or Ba 3 Cu 17−x (Se,Te) 11 [36] .
The high mobility of the coinage metals often helps to reduce the thermal conductivity below the values of commercially thermoelectrics as shown for Ba 3 Cu 14−δ Te 12 [34] .
In Ba(CM) 2 [32] . On the other hand an opposite trend was found for the electrical conductivity in that case. New materials with new building principles and new electronic features, especially in bulk form for high Δ − T applications are one possible way out of this dilemma. The ongoing developments in coinage metal (poly)chalcogenide halides may point in the right direction and the polychalcogenide halides are promising candidates to contribute to this topic in the future.
Coinage metal chalcogen halides, chalcogenide halides and polychalcogenide halides
Early developments in the field of coinage metal chalcogenide halides were dealing with the super ion conductors in the late 1960's which cumulated in a plethora of different phases featuring highly disordered substructures and complex electronic behaviors. Short after the 1970's the first coinage metal chalcogen halides emerged but their ion conductivities could not reach the values of the fast super ion conductors like RbAg 4 I 5 [37] [38] [39] . Unfortunately, the low concentration of potentially mobile charge carrying cations per formula unit lead to a relatively low ion conductivity compared to the chalcogenide halides. Nevertheless, the mixed conduction with reasonable high ion conductivity opened up new perspectives in electrochemistry and -physics. The latest substantial step in this development was the discovery of the first coinage metal polychalcogenide halide in 2007, bringing together two main features of the first two groups, the high silver mobility on the one hand and the covalent chalcogen interactions on the other. This new facet combines the two sets of substance classes according their chalcogenide substructures which contain isolated chalcogenide ions and covalently bonded chalcogen units. As a result, some intriguing properties emerged combining favorable properties of both classes of materials discussed before. A brief overview is given in Fig. 1 . Beside isolated Q 2− ions (Q = chalcogenide) a selection of stable (helical chains and rings) and non-stable (linear chains) subunits of the covalentlybonded heavy chalcogens (e.g. tellurium [40] ) have been synthesized with coinage metal and halide ions, dividing this substance class in three main subclasses: the coinage metal chalcogen halides, the chalcogenide halides and the polychalcogenide halides. Each class will be discussed in Sects. 2.1-2.3 putting a focus on new findings and recent developments of chalcogenide and polychalcogenide halides. In the following we will call the whole class of materials (CM)QX with CM = coinage metal, Q = chalcogen and X = halogen by neglecting the accurate composition.
Ternary (CM)QX compounds exist only for a few number of compositions which are mainly localized on the borderlines of the phase diagram triangle chalcogen Q−(CM)X−(CM) 2 Q. A strictly covalent-bonded chalcogen substructure is realized for Cu, Ag and Au compounds on the quasi-binary section (CM)X−Q. In this case the chalcogen substructure is characterized by chains and rings (Cu and Ag), closely related to the structures of the elements, and [43] were reported. This class of compounds was reviewed recently [44] and is not in the focus of this review.
Recently, the first ternary compounds were found within the phase diagram triangle (Q)−(CM)X−(CM) 2 Q for CM = Ag. These materials will be discussed in Sect. 2.3.
Ternary coinage metal compounds outside this triangle are rare and only reported for Au with positively charged chalcogen incorporated in complex ions like in AuCl 3 XCl 4 (X = S-Te) [45] or AuCl 3 SCl 2 [46] . Those compounds are also not in the focus of this review.
A brief summary of all existing (CM)QX compounds within the phase triangle (Q)−(CM)X−(CM) 2 Q is given in Table 1 .
Covalent chalcogen substructure -coinage metal chalcogen halides

Chalcogen chains, rings and dianions
Helical chains, comparable with the ones realized in the heavy chalcogen elements, and Q 2 dumbbells can be found in (CM)XQ and (CM)XQ 2 (see Fig. 2 ). The helical chains can be found in the case of Cu and Ag compounds while a separation into Te 2 dumbbells is present in the case of gold compounds. By far the highest number of compounds are realized with (CM) = Cu and Q = Se and Te (see Table 1 ) followed by four gold compounds and only one silver representative. Neutral chalcogen rings have been stabilized in (CM)XQ 3 for the coinage metals CM = Cu and Ag, X = Br, I and Q = Se or Te. The formation and stabilization of Te 6 rings in (AgI) 2 Te 6 , an former unseen structure unit in the element chemistry of Te, represents a spectacular result after a kinetically controlled hydrothermal synthesis. A brief summary of compounds containing helical chalcogen chains and cyclic chalcogen rings can be found in the literature [47] and is therefore not in the focus of this report.
Ionic chalcogen substructure -coinage metal chalcogenide halides
Compounds with purely ionic chalcogenide substructures featuring isolated Q 2− ions only are exclusively known for the coinage metal silver. Less than a handful compounds are located on the quasi-binary section AgX to Ag 2 Q. The ternary compounds on this section are mixed conductors combining the physical features of the ion conducting silver halides and the mixed conducting silver chalcogenides. Examples of fully characterized compounds are Ag 3 QX (Q = S-Te, X = Br, I) [48] [49] [50] , Ag 5 Q 2 X (Q = Te; X = Cl, Br) [51] [52] [53] and Ag 19 Te 6 Br 7 [54] .
The crystal structures of all compounds can be easily rationalised using a topological approach to describe the anion substructures (see Fig. 3 , solid lines represent a distance close to or slightly above the sum of the respective van der Waals radii of the ions). According this formalism the anisotropy of the silver distribution and the anisotropic diffusion can be explained and under- [42, 135] stood. Silver is preferably located around the chalcogenide substructures or at intersections of those. The halide substructure acts as a silver ion separator between the chalcogenide subunits [53, 54] . This feature is shown in the bottom part of Fig. 3 . Polymorphism, caused by the substantial silver ion mobility, is a dominant feature of the silver(I) chalcogenide halides directly affecting the electrical properties of all compounds. The activation energies and conductivities change significantly in the different systems.
Ag 3 SI is a trimorphic anti-perowskite type compound with phase transitions at 520 and 157 K [50, 55] . The superionic α-phase, stable above 520 K is characterized by randomly distributed anions over the bcc anion substructure and can be quenched to room temperature (α * -phase). A remarkably high ionic conductivity of 1.3 × 10 −1 S cm −1 results at 300 K after the quenching process [50] . In contrast the anion ordered β-phase has a two orders of magnitude lower ionic conductivity at the same temperature. MD simulations and neutron diffraction experiments in the β-phase showed that silver tends to preferably occupy empty sites towards the face centred rather than the body centred sites which can be translated as an occupation of sites in the neighbourhood of chalcogenide rather than halide ions [56, 57] . Band structure calculations substantiated this finding due to the much weaker coupling of the Ag-d bands with the halide-p than with the chalcogen-p bands [58] . This observation corresponds to the behaviour of the silver(I) chalcogenide halides shown in Fig. 4 . Ag 3 SI was subject to intensive studies of the non-periodic local motion of the cations and anions [59] and intensive experiments were performed to tune their physical properties by partial and full ion exchange. These results are discussed later on in this section.
Ag 3 SBr shows a phase transition at 123 K which separates the high temperature anti-perowskite type phase from the orthorhombic low temperature modification [60, 61] . Ag 3 SBr is non-stoichiometric with a stoichiometry parameter x of 0.04 in Ag 3−x SBr [62] .
Ag 5 Te 2 Cl is a trimorphic compound with phase transition temperatures of 240.9(2) and 334.2(5) K [63] and can be prepared in a conventional melting, quenching and annealing route. The high temperature α-phase is characterized by a quasi molten silver substructure, while ordering is present in both low temperature phases. It decomposes peritectically at 790(3) K [64] . Silver is preferably located at the cross sections of two interpenetrating honeycomb nets of telluride ions (nets are defined according the previously mentioned topology principle) and the halide ions form linear strands pointing in the same direction than the silver strands. During the α-β phase transition the tellurium nets become corrugated. Surprisingly, after the order/disorder phase transition from the β-to the α-phase silver tends to form a pronounced attractive interaction within their substructure. This interaction positively influences the electronic structure in such a way that the thermoelectric performance (or the figure of merit) can be varied over almost two orders of magnitude within a very small temperature window of approximately 50 K (350 to 400 K) [65] . The occurrence of attractive interaction substantiates the general concept of low-dimensionality as a positive aspect for the improvement of thermoelectric performance. This concept will be briefly discussed in the next chapter dealing with polychalcogenide halides.
Based on solvothermal and hydrothermal reactions as already applied to prepare coinage metal mercury chalcogenide halides like (CM)HgQX [66] [67] [68] [53] was prepared using an ammono-thermal reaction route from a pre-reacted and quenched ideal mixture of the AgBr, Ag and Te. A synthesis strategy like in the case of Ag 5 Te 2 Cl was not successful. At room temperature, Ag 5 Te 2 Br is isostructural to the chloride compound and polymorphism seems to be highly probable.
The chalcogenide [64, 70] and halide [70, 71] substructure can be substituted over a wide range by other homologues of the same group. The partial exchange has a direct influence on the phase transition temperatures of the different polymorphs and the total electrical conductivity. A detailed analysis of the joint probability density functions (jpdf) between the different silver positions led to a detailed insight in the preferred diffusion pathways in these compounds. Two-and three-time correlation spectroscopies were performed for Ag 5 Te 2 Cl [72] in order to understand the silver dynamics of this substance class in more detail.
Ag 19 Te 6 Br 7 is dimorphic showing an order-disorder phase transition at 235 K [54] . The crystal structure of the low temperature phase β-Ag 19 Te 6 Br 7 is not known but impedance spectroscopic investigations substantiated an orderdisorder transition of the silver substructure featuring a small conductivity jump of one quarter of magnitude at this temperature.
The compounds vary their conductivity with an increase in structural complexity and a decrease in dimensionality. There is no obvious trend according the structural topology and the related ion mobility of these compounds at least at temperatures around room temperature. A cubic symmetry, like in the case of the Ag 3 SX compounds in their highly ion conducting state, seemed to be the most favorable structure for high conductivities according the number of vacant silver sites to be occupied during their movement. Unfortunately, the high symmetric and in most cases also high conducting polymorphs of superionic conductors are often stable only above room temperature (e.g. AgI, Ag 2 The exchange of anions or cations in the silver(I) polychalcogenide halides leads to a substantial change in the physical properties of the compounds. In some cases a full exchange of either the anions or cations was possible with retention of the crystal structure (e.g. Ag 5 Te 2 Cl to Ag 5 Te 2 Br) but most of the compounds only show the tendency for a partial anion or cation substitution. In general the ions can be exchanged up to a certain extend before the structure collapses and the binary phases become more stable. Table 1 summarizes the substituted phases also stating their range of stability.
The halide ion in polymorphic Ag 3 SI and Ag 3 SBr can be partially substituted by other halides [73] [74] [75] . This substitution slightly affects the β-Ag 3 SX conductivity and causes a certain decrease of the γ -β phase transition. Ag 3 SBr can be substituted in the halide substructure by iodide and chloride. A partial chloride substitution is possible up to a substitution grade of 50% [75] . The order-disorder phase transition of the ternary phase is raised slightly above 123 K but non-reacted binary phases were present in all studies. A partial exchange of silver by copper and cadmium was also performed [76, 77] but no quantitative values were given for the conductivity or activation energy change. The transition temperature did not change during this exchange and most of the examinations were performed using impure samples.
A significantly different structural behaviour was found for the Ag 19 6 Br 7 (c = 2). In the case of the iodide and selenide substitution completely different compounds with new crystal structures were found at higher grades of substitution. The new compounds are stable in the The anion substructure can be illustrated by nets where lines represent the sum of the van der Waals radii of the respective ions. Dependent on the grade of substitution the anion substructure is arranged by different sets of structure units. The halide substructure acts as a separator for the silver ions with a pronounced gap of the silver distribution in each compound (the Ag substructure of Ag 19 Te 6 Br 7 itself is shown in Fig. 3 ). Black spheres represent chalcogenide, white octands halide and grey spheres silver ions. Displacement parameters are shown at 90% probability. [54] . Obviously the variability of the Ag 19 Te 6 Br 7 structure type is restricted to the grade of substitution and it can be tuned by a partial cation and anion exchange. The topological formalism for the description of the anion substructure is a powerful tool to illustrate the structural features of the different compounds (Fig. 5) . Different subunits in the anion substructures are coordinated in a systematic way to form linear and corrugated subnets. While a linear arrangement of a honeycomb chalcogenide(Q)-net interpenetrated by Q 2 dumbbells, a Kagomé halide(X)-net and a corrugated Q-net centred by X ions are alternately stacked in Ag 19 Te 6 Br 7 , a reorientation and corrugation of this units takes place in the quaternary compounds. According this formalism it also becomes obvious that the halide-nets act as a separator for the silver ions between the remaining anion substructures.
A full substitution to the ternary end members of the solid solutions were not observed neither for cation nor anion exchange applying the high temperature melting and annealing route. There are no substantial differences in the conductivities of the ternary and quaternary compounds (Fig. 4) .
Two postulated compounds are mentioned in literature where no detailed structure information is available. Ag 6 TeBr 4 and Ag 3 TeBr were first reported as peritectic compounds during an evaluation of the quasi-binary section AgBrAg 2 Te [78] . Later on Ag 6 TeBr 4 could not be reproduced after a deeper investigation of this section of the phase diagram [51] nor by different groups working in this field since then. Blachnik postulated the occurrence of Ag 3 TeBr, crystallizing in a hexagonal metric without fundamental structure analysis. Interestingly, an electrochemical characterisation was performed later on a compound having the same postulated composition [79] . We have recently shown that Ag 3 TeBr cannot be prepared by the thermodynamically controlled reactions stated in the afore mentioned articles and also more kinetically controlled mineralisator reactions or solvothermal synthesis did not lead to success [54] . Ag 3 TeBr seemed to be Ag 19 Te 6 Br 7 in all cases.
Covalent and ionic chalcogen substructures -coinage metal polychalcogenide halides
Ag 10 Te 4 Br 3 is the first representative of a silver(I) polychalcogenide halide with covalently bonded [Te 2 ] 2− units and isolated Te 2− ions. It represents a new class of materials located between coinage metal chalcogen halides, characterized by covalently bonded chalcogen structure motives, on the one hand and chalcogenide halides, consisting of isolated chalcogenide ions, on the other. A brief summary of selected physical properties is given in Table 3 .
In Fig. 6a one can see the fully ordered room temperature γ -structure of Ag 10 Te 4 Br 3 illustrated by a topological approach. n. m.
[139] Ag 10 Te 4 Br 3 is a mixed conductor [80] showing three phase transitions in a very narrow temperature window of about 100 K [81] . The electronic conductivity extends the ionic conductivity by one order of magnitude. Beside an order-disorder transition of the silver at 317 K the most prominent feature is a reversible and temperature driven redox-switch starting at 355 K. Respon- Fig. 7 . Seebeck coefficient and DSC data for Ag 10 Te 4 Br 3 [82] . A pronounced peak in the Seebeck coefficient with two times a change in the sign of the value was observed for Ag 10 Te 4 Br 3 . This feature is consistent with the broad phase transition between 355 and 410 K for the β-α transition found during DSC and phase analyses.
sible is a mobile polyanionic tellurium strand which performs a Peierls-type distortion towards a linear arrangement and therefore offers band gap tuning during this process. The band gap width is temporary reduced during this process enabling the p-type material to perform n-type conduction. This switch causes an unseen thermopower drop of 1400 μV K −1 at 390 K which is accompanied by an also reversible change of its semiconducting properties from p-via n-back to p-type conduction [82] .
The different stages of disorder in the tellurium substructure are shown in tot with κ tot = total thermal conductivity). The Seebeck coefficient in relation to the differential scanning calorimetry (DSC) curve is shown in Fig. 7 . The thermal diffusivity is favorably low and ranges from 1. [82] .
While isolators [83] and semiconductors can perform isolator-metal transitions or p-n (n-p) switches, such behaviour is unique. There is almost no significant volume jump during these transitions which makes this system of potential interest to room temperature applications using the high ion mobility and/or its switching properties [84] . Due to the reasonable thermopower drop at relatively low temperatures there is a chance to optimize this compound for thermoelectric applications. At present stage the thermal conductivity reaches the values of the best micro-structured thermoelectric materials like quantumdot and superlattice systems [30, [85] [86] [87] . The unique combination of two independent and mobile substructures seemed to be a new and additional mechanism to significantly reduce the thermal conductivity in a crystalline solid. Some major advantages are the insensitivity to light or moisture and the fact that Ag 10 Te 4 Br 3 can be produced in reasonable amounts using conventional solid state reactions.
β-Ag 10 Te 4 Br 3 exceeds the conductivity of Ag 3 SBr by one order of magnitude. The high temperature α-phase almost reaches the well known super ion conductor RbAg 4 I 5 and stays only one order of magnitude below this prominent compound.
Chemical tuning of properties can be achieved by partial substitution of the anions. The important phase transition at 355 to 410 K with a peak maximum at about 385 K can be shifted in both directions. A chloride substitution leads to an increase of this maximum to 396 K (Ag 10 Te 4 Br 1.8 Cl 1.2 ), while in the case of iodide (Ag 10 Te 4 Br 2.8 I 0.2 ) the opposite trend was found featuring a reduction to 376 K [88] . Even more pronounced is the shift of this effect on the chalcogenide side [89] . The introduction of the lighter homologues of tellurium reduces the broad β-α transition to 350 K (Ag 10 Te 3.8 S 0.2 Br 3 ) and to 357 K (Ag 10 Te 3.6 S 0.4 Br 3 ) in maximum. The influence of anion substitution on the Seebeck coefficient is shown in Figs. 8 and 9 . A substitution within the chalcogenide substructure can significantly reduce the ability for an effective Peierls distortion or even can completely destroy such a process. A different situation can be observed if the chalcogenide substructure kept untouched and the halide substructure is modified.
The biggest change in the thermopower can be found in the substitution with chlorine. First experiments point towards significant increase of the thermopower drop from 1400 μV K −1 for the ternary compound to values around 1800 μV K −1 for Ag 10 Te 4 Br 2.6 Cl 0. 4 . Concrete details will be reported soon. If bromide is partially exchanged by the heavier homologue iodide the thermopower drop is reduced but the pnp-switch (change in sign of the thermopower; see Fig. 9 bottom part) remains intact. This is in contrast to the chalcogenide substituted phases where the pnp-switch is completely suppressed. It has to be stated at this point that each minimum of the Seebeck coefficient drop is consistent with the maximum of the β-α phase transition ef- fect observed by DSC measurements. The drop is therefore directly related to the mobility in the silver and tellurium substructure driving the phase transition at this point.
Ag 23 Te 12 X with X = Cl, Br are two polychalcogenide halides also containing a linear telluride strand [90, 91] . The crystal structure of this phase is shown in Fig. 10 . Surprisingly, the lower content of halide in this systems compared More recently, the newest example of a silver(I) polychalcogenide halide, Ag 20 Te 10 BrI [92] , was reported also featuring Peierls-distorted Te strands and a highly mobile silver substructure. While the covalently bonded anion substructure also contains Peierls-like distorted Te chains the remaining noncovalently bonded anion substructure is characterized by another variation of corrugated and interpenetrated honeycomb nets. In contrast to the latter example chalcogenide and halide ions are both forming the anion net.
Compared with the previous compounds in this system the anion substructure is slightly different but it can also be described using a topological approach [93] by connecting anions at distances close to the van der Waals contacts. Corrugated and interpenetrating honeycomb nets formed by telluride and halide ions are forming the anion substructure and silver is distributed statistically within these units. The phonon scattering is that optimized in the compound that the thermal diffusivity reaches values around 1.2 × 10 −7 m 2 s −1 . The mentioned topologic approach can be generalized to other classes of compounds (e.g. sodium polytellurides) [92] , to minerals like stuztite (Ag 4.53 Te 3 ) [94] and stutzite analogues [95] . 3 -nets which interpenetrate each other. The halide ions occupy one defined position within these nets. Strands of structurally frustrated Te 4 units and halide ions run parallel to the c-axis. The silver atoms are distributed over a large number of partially occupied sites (chalcogen (black spheres), halide (white spheres with cross), silver (grey spheres)).
Concluding remarks
Recent progress in synthesis strategies and a systematic exploration of the ternary phase fields coinage metal (Cu, Ag, Au) chalcogen and halogen led to the discovery of new coinage metal chalcogenide halides and the new class of materials called coinage metal polychalcogenide halides. All compounds are characterized by a pronounced complexity in their structures demanding the development of a topologic description for an illustrative and simple access to the substances. Based on this topology concept a prediction and synthesis planning of new phases is possible which still leads to the discovery of new phases in these phase fields.
All compounds show a high coinage metal mobility resulting in high ion conductivities close to the best known ion conductors today. This mobility is the origin for an intriguing polymorphism and a rich structure chemistry including severe crystallographic problems like multi domain twinning or nonharmonic behaviour of the coinage metal distribution. Activation energies for the ion transport through the solid are in the order of 0.1-0.4 eV putting them into the class of super ion conductors.
Within the new class of materials called the silver(I) polychalcogenide halides a second unexpected and powerful physical property emerged, in addition to the previously described ones, which influences the structural and electronic features drastically. The occurrence of a mobile Peierls-like distorted partially covalent-bonded chalcogen chain within the anion substructure of these compounds has a direct influence on the electronic structure and the electric and thermoelectric properties. A combination of a high coinage metal ion mobility and the occurrence of low dimensional covalent interactions in parts of the structure creates a reversible and tuneable modulation of the electronic properties. Important thermoelectric features like the thermal diffusivity and the thermopower can now be switched and tuned efficiently. This tuning led to extremely low thermal diffusivities and a former unseen drop of the thermopower of about 1800 μV K −1 within very small temperature windows. Exactly this interplay defines a new concept for the design and improvement of next generation thermoelectric materials and its performance beside the well established ones like quantum well formation or nano structuring via phase separation. While the latter two aspects are focused on the optimization of the electrical conductivity or the thermal conductivity the modulation of the thermopower opens up a new aspect for the ongoing improvement of the thermoelectric figure of merit.
The modulation of the electronic structure directly affects the semiconducting properties of the polychalcogenide halides. During a defined phase transition a reversible pnp-switch has been observed which represents the first example of such a process in a single compound. A single compound pnpeffect opens up new perspectives for data storage and computer technology after a further improvement of the electronic characteristics and an implementation in technological processes.
